or advisory speed limits. In mandatory VSLs, drivers are required to maintain the speed posted on the VMS, as on United Kingdom motorways (9, 10) . In contrast, an advisory VSL is a recommended speed limit, as on Motorway E-4 in Sweden (5) . In either case, compliance of drivers with VSLs is important (5, 11, 12) .
Though a number of authors have researched VSLs, the consensus is rather limited. Considering the importance of driver compliance with the system, that aspect remains the least researched. Besides, the available studies focus only on operational analysis under congested traffic, whereas little attention is given to off-peak hours. This study has to do with safety and operational benefits of VSLs with the primary objective of assessing the impact of driver compliance on benefits of the system under different traffic conditions. The study is conducted by combining the use of VISSIM and the Surrogate Safety Assessment Model (SSAM). Three scenarios of traffic conditions are assessed: heavily congested, lightly congested, and uncongested. Each scenario is further examined under four driver compliance levels: low, medium, high, and very high. Changes in vehicle conflicts and travel time are used as performance indicators for the safety and operational benefits of VSLs.
LITERATURE REVIEW
According to the methodology researchers adopted, the body of literature on VSLs can be classified as empirical or simulation (theoretical) studies. For a systematic examination of the literature under each category, findings are presented from three points of view: VSL and its operational benefits, VSL and its safety benefits, and the impact of VSLs on driver behavior.
Empirical Studies on VSLs

VSLs and Operational Benefits
Application of VSLs in the Netherlands resulted in a harmonized flow and reduced speed variance and shock waves (2) . The study reported no change in capacity and concluded that VSL is not suited for relieving congestion. Another study accessed the impact of VSLs on aggregated traffic variables and found that the slope of the flowoccupancy diagram was a bit modified; this finding suggested that an efficient algorithm should consider the real-time slope of the fundamental diagrams (13) . The study reported that the increase in capacity was rather inconclusive. Mirshahi et al. reported a 3% to 7% increase in throughput during congested periods, harmonized traffic, increased trip reliability, and delayed onset of flow breakdown from
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Control of traffic by a variable speed limit (VSL) has been researched for a long time, but there is a lack of consensus on its safety and operational benefits and on the impact of driver compliance. This study provides quantitative evaluations of these benefits and shows the importance of driver compliance with VSLs. VISSIM and the technique of simulated vehicle conflicts (Surrogate Safety Assessment Model) were used in the study. To validate the safety analysis, an attempt was made to correlate the simulated vehicle conflicts with historic crashes. Three scenarios of traffic conditions were considered: heavily congested, lightly congested, and uncongested. Each scenario was further examined under four driver compliance levels: low, medium, high, and very high. The results confirmed that the VSL had safety and operational benefits for motorway traffic. The system had the highest safety benefits during highly congested traffic conditions, followed by lightly congested conditions, and the least during uncongested conditions. Moreover, the system had the highest operational benefits during lightly congested traffic conditions, little benefit during uncongested conditions, and no benefit during heavily congested conditions. It was also found that the safety benefits of VSL were not at the expense of an increase in travel time. However, these benefits showed significant variations that depended on drivers' level of compliance with the system. The study concludes that the success of the VSL is highly dependent on the level of driver compliance.
A variable speed limit (VSL) is an intelligent transportation system measure in which the speed limit of a motorway changes in response to real-time traffic, road, and weather conditions. The VSL harmonizes traffic flow and improves safety by reducing speed variations within and across lanes and between upstream and downstream traffic flows. This control in turn reduces the frequency of lane-changing maneuvers and secures better distribution of traffic over motorway lanes (1, 2) . To date, the VSL has been introduced in many countries and has proved to be acceptable to drivers by reducing driving stress (2) (3) (4) .
The algorithm of a VSL controls switching the system on and off and changing the speed limit posted on a variable message sign (VMS) on the basis of thresholds of flow, speed, occupancy, or their combinations. The algorithm used is found to partially determine the success of the VSL (4) (5) (6) (7) (8) . VSLs are implemented as either mandatory VSLs (3). Similarly, up to a 7% increase in throughput was reported from application of VSLs in work zones (14) .
VSLs and Safety Benefits
The VSL was able to reduce crashes by 28% in the United Kingdom (9) . Another study reported a reduction of 3% to 30% in primary incidents and 40% to 50% in secondary incidents because of VSLs (3). Enforcement could play an important role here; for example, automated speed enforcement in South Korea achieved a significant crash reduction (15) . In contrast, Corthout et al. (12) argued that actual crash reduction due to homogenized flow from VSLs is slight since the reduction in secondary crashes was higher than in primary accidents.
VSLs and Impact on Driver Behavior
The VSL has a tendency to affect drivers' behavior. Reduction in the frequency of short headways and more uniform driving behavior were reported by Mirshahi et al. (3) . Driver compliance levels increased with time (2, 10) and were found to be higher with dynamic speed limits than with static ones (14) . Another study examined drivers' compliance with VSL on work zones and found that speed variation was reduced (16) . An advisory VSL was found to have no significant impact in traffic operations because of low driver compliance (5) . However, a simulation-based examination of the same motorway with higher driver compliance led to better traffic operations. The study concluded that mandatory VSL is superior to advisory VSL in permanently affecting drivers' behavior.
Simulation-Based Studies on VSLs
Field-based studies of VSLs are deficient in providing reliable evaluations because of the difficulties of conducting an experiment in a controlled environment, for example, because of variations in demand and weather. Moreover, field evaluations are time consuming, expensive, and subject to policy measures and the presence of auxiliary components like shoulder running and ramp metering. Though empirical evaluations provide information on practical grounds, they do not supply evidence exclusively due to VSLs. Therefore, several researchers have recommended simulation-based study of VSLs (1, 6, 17) . However, since every modeling technique is just a simplified representation of reality, simulation models are also restricted to several limitations, particularly when they are modeling human behavior.
VSLs and Operational Benefits
Some studies reported that VSLs can improve operations by delaying the onset of congestion and providing rapid recovery after congestion but did not increase capacity (7, 11) . VSLs decreased the frequency of lane changes, harmonized traffic, and reduced crash likelihood (1) . A similar study suggested that the combined use of ramp metering and VSLs is profitable for traffic operations (17) . Abdel-Aty et al. suggested that VSL is beneficial when it is applied in medium-to high-speed traffic conditions (18) . Allaby et al. (6) implied that VSL tends to increase travel time, and high compliance was reported to negatively affect motorway operations by as much as a 36% increase in travel time (11) . However, Nissan and Koutsopoulos reported that traffic operations are better at higher driver compliance levels (5).
VSLs and Safety Benefits
Application of lower speed limits upstream of crash-prone sections and higher speeds downstream improved safety but downstream migration of crashes was observed (18) . Similarly, a study on the effectiveness of VSLs during congested and uncongested conditions found that VSLs have safety benefits in work zones (19) . Some studies indicated that VSLs improve safety while they increase travel time (1, 4, 6, 20) ; this finding suggests that there exists a trade-off between crash reduction and increased travel time.
VSLs and Impact on Driver Behavior
A study on drivers' response to VSLs and warning messages on VMS found that when VSLs were displayed, participants generally drove at a uniform speed with smaller variations in speed (11) . A higher level of driver compliance increased safety but decreased the efficiency of motorways (4); this finding implies that there is little incentive to implement VSLs with a high compliance level. The importance of a high compliance level is discussed by Nissan and Koutsopoulos (5).
Summary of Literature Review
Considerable discrepancies and lack of consensus exist in the literature regarding VSLs. The following questions remain with no conclusive answers either from the empirical or the simulation studies: What is the magnitude of safety and operational benefits or losses due to VSLs? Can VSLs be used to relieve congestion? Are the safety benefits of VSLs at the expense of an increase in travel time? For example, there exists inconsistency among the findings of some authors (2, 13) and those in the FHWA study (3) as to whether VSLs relieve congestion. Similarly, the findings of some authors (1, 4, 6, 20) contradict the findings of others (5, 11) as to whether VSLs result in operational losses. The reason for the contradictory findings could be a lack of standardized methodology of study, an applied VSL algorithm, the type of simulator used, enforcement level, as well as the nature of the traffic and its composition. Considering the importance of driver compliance with VSLs, that aspect remains the least researched and little is known about its significance. The current research attempts to provide additional evidence regarding the aforementioned questions. In this research and in line with the Highway Capacity Manual (21), traffic conditions of heavy congestion, light congestion, and no congestion refer to situations in which the volume-capacity ratio is around 0.90, 0.70, and 0.50, respectively (or Levels of Service D, C, and B).
METHODOLOGY Description of Simulated Motorway
Each scenario is further analyzed by considering four levels of driver compliance:
• Low compliance. Only 25% of drivers comply with VSL.
• Medium compliance. Only 50% of drivers comply with VSL.
• High compliance. Only 75% of drivers comply with VSL.
• Very high compliance. 100% of drivers comply with VSL.
All combinations of traffic scenarios and drivers' compliance levels were simulated in VISSIM and compared with the corresponding base model in which there is no VSL. To represent traffic stochasticity, each simulation was run 10 times for a total of 150 runs (3 × 4 × 10 + 3 × 10) at a simulation resolution of 0.1 s and a warm-up period of 10 min. The count and severity of vehicle conflicts are used as surrogate measures for safety, and travel time was used as the performance indicator for motorway operations.
Calibration and Validation of Model
A base model with no VSL was calibrated and validated to replicate the operations of the motorway (22, 23) . Averages of speed and vehicle count, aggregated every 5 min, were used as measures of effectiveness in the process. GEH, a modified chi-square statistic that considers both the relative and the absolute differences between the simulated and observed data sets, was employed to assess the goodness of fit (23):
During the calibration process, VISSIM parameter CC1 was adjusted to 0.80 s, and the others were kept in their default values. The overall average GEH values during the calibration and validation processes were found to be 1.83 and 1.92, respectively. GEH values less than 5 indicate a good fit, values of 5 to 10 require further investigation, and values above 10 are rejected (23) . The calibration and validation data sets correspond to the afternoon peak hour and late morning, respectively.
Modeling Driver Compliance with VSL
The desired level of drivers' compliance was achieved by varying the proportions of the vehicle classes that represent compliant and noncompliant drivers. Moreover, desired speed distribution and desired speed decision point are the VISSIM features used to model the VSL (7, 19, 24) .
On the basis of the desired speed distribution, each vehicle is assigned a desired speed and will attempt to travel at that speed provided that its way is not blocked (24) . The speed distribution of the base model was obtained from point measurements of vehicle speed. Four other distributions were used to represent VSLs of 120, 100, 80, and 60 km/h according to the logic shown in Figure 1 .
The desired speed decision point has the same function as a VMS. Three desired speed decision points were used in this study (see Figure 1) . Every compliant vehicle that crosses such a decision point will get a new desired speed equivalent to the VSL with a small stochastic variation (±7 km/h), and noncompliant vehicles ignore the VSL and retain the speed assigned from the base model distribution.
Safety Assessment with SSAM
The majority of the traditional safety evaluation models employ statistical comparison of before-and-after analysis and estimates based on historic crashes or aggregated traffic variables like annual average daily traffic, speed, volume-to-capacity ratio, and shock wave propagation rate (25) (26) (27) . Such models are bound to several limitations; for example, they provide total number of expected crashes but not their distributions. Calibrating the models is cumbersome with poor transferability, and a number of years are required to gather adequate data for statistical significance (27) (28) (29) (30) (31) . Moreover, these models are executed at aggregated levels and fail to consider the variations in behavior of individual drivers. Uncertainties of the models and their parameters, unreported crashes, and others observational errors aggravate the situation. Furthermore, safety assessment of facilities or traffic management strategies in their planning stage is difficult (27, 28) .
To overcome these limitations, several researchers have proposed microsimulation-based safety assessment (28, (31) (32) (33) (34) . For example, Ozbay et al. correlated historic crashes with a simulation-based surrogate measure (R 2 = 0.844) (31). Because it is inexpensive and data regarding vehicles' dynamics, which can be used for crash severity analysis, are easy to retrieve, simulation-based safety assessment is more advantageous than use of traditional safety assessment models. Moreover, safety evaluations of a facility that has not been built can be made in advance.
SSAM, developed by FHWA, analyzes the space-time trajectories of simulated vehicles for possible conflicts and categorizes them as crossing, rear-end, or lane-changing conflicts. A vehicle conflict can be defined as an event of interaction between two vehicles, in both time and space, with a risk of a collision unless one of the vehicles takes an evasive action to avoid it (27) . Considering the dynamics of the vehicles, SSAM provides seven surrogate measures for each detected conflict (27, 28) :
• TTC (time to collision): the minimum time for the vehicles to collide provided that they do not change direction, speed, or acceleration;
• PET (post-encroachment time): the time difference between when the first vehicle last occupied a position and when the second vehicle subsequently arrived at the same position;
• MaxS (maximum speed): the maximum speed of either vehicle involved in the conflict;
• DeltaS (speed difference): the difference in speed between the two vehicles involved in the conflict at the time of its detection;
• DR (deceleration rate): the initial deceleration rate of the second vehicle;
• MaxD (maximum deceleration): the maximum deceleration of the second vehicle; and
• MaxΔV (maximum change in speed): the change in vehicle velocity had the event proceeded to a collision.
As recommended by Gettman et al., threshold values of 1.5 s and 5.0 s are used for TTC and PET, respectively (28) . Since the count of vehicle conflicts in every repetition is normally distributed, a t-test is used to compare the significance of these changes. Vehicle overlaps (TTC = 0) and low-speed conflicts are filtered out from the analysis since motorways are designed for high mobility (35, 36) . For more information on SSAM, the reader is referred to studies by Gettman and Head (27) and by Gettman et al. (28) .
Validation of SSAM: Correlating Simulated Vehicle Conflicts with Historical Crash Data
According to Tarko et al. (37) , for a crash surrogate to be meaningful, it should fulfill two conditions:
1. It should be based on an observable noncrash event and 2. There should be a practical method for converting the noncrash events into a corresponding crash frequency, severity, or both.
Therefore, to validate the use of SSAM and the robustness of the model calibrated from traffic variables, vehicle conflicts were correlated with historic crashes. A 5-year crash record (2005 to 2009) was obtained from Portugal's National Authority for Road Safety. Since safety assessment with SSAM focuses on two-vehicle conflicts, all instances of single-vehicle crashes were removed from the historic data. As a result, the number of crashes was reduced to 293 two-vehicle crashes from a total of 447.
To correlate simulated vehicle conflicts with real crashes, 12 simulations (each 2 h) were conducted to represent a typical weekday (24 h). Similarly, the historic crash record was sorted in intervals of 2 h; thus there was a total of 12 data set pairs. This adjustment was made to represent the variations in traffic volume and frequency of crashes during the hours of a day. After the 12 simulations had been run, the count of vehicle conflicts was obtained and later correlated with historic crashes by using a log-quadratic equation curve (see Figure 2 and Equations 2 to 4). Statistical software R was used to assess the goodness of the curve. Model parameters α, θ, and β were estimated to be 0.147, −0.841, and −0.216, respectively. Table 1 shows a summary of vehicle conflicts for different driver compliance levels during heavily congested traffic conditions [>2,000 vehicles per hour per lane (vphpl)]. Every change in the count of vehicle conflicts was found to be statistically significant. The percentage reductions in rear-end and lane-changing conflicts were nearly of equal amounts. This finding reveals that VSLs have safety benefits confirmed by the reduction in total vehicle conflicts from 37% to 75% for low to very high compliance levels. With Equation 4, this reduction would mean 22% to 44% fewer two-vehicle crashes; the calculation suggests that VSLs have the potential to reduce inappropriate maneuvers like short headways and frequent lane changes.
In addition, the rate of reduction in lane-changing conflicts was of a constant amount from low to very high compliance levels; this finding suggests that it is linearly correlated with driver compliance levels. However, the rate of reduction in rear-end conflicts was very sharp in the transition from low to medium compliance levels; this finding suggests that VSLs are beneficial even at small-scale compliance levels. Moreover, it is found that VSLs with a very high compliance level have twice the safety benefits as those with the low compliance level.
The average values of travel time (in seconds) for the base model and for compliance levels of low, medium, high, and very high were found to be 504, 509, 509, 503, and 501, respectively, with a standard deviation (SD) ranging from 8.2 to 10.5. There appears to be no statistically significant benefit or loss in operations of the motorway due to application of VSLs under heavily congested traffic conditions. This finding was in agreement with the findings of Abdel-Aty et al. (18) . However, uniform headways and a reduction in frequency of lane changes (Table 1) are signs of stable and harmonized traffic flow due to the VSL. Given the fact that safety and efficiency are interdependent, the safety improvements will positively affect the motorway operations by reducing the occurrence of crash-related congestion. As a result, there exists an underlying operational gain from the safety benefits of the VSL in terms of trip reliability. Table 2 shows a summary of vehicle conflicts under lightly congested traffic conditions (approximately 1,600 vphpl). Every change in the count of vehicle conflicts was found to be statistically significant. The safety benefits of VSLs are demonstrated by a reduction in total vehicle conflicts ranging from 27% to 61%; this finding corresponds to a 7% to 13% reduction in the expected two-vehicle crashes. The percentage reduction in rear-end conflicts was more than that for lane-changing conflicts; this result justifies the use of VSLs to reduce the frequency of short headways. Though the reduction in vehicle conflicts was found to be lower in magnitude than in heavily congested traffic, there is a great incentive for deployment of a good enforcement mechanism to achieve a greater compliance level. Since lightly congested traffic conditions set a transition to heavy traffic, higher compliance levels are crucial to achieve the fullest benefits of VSLs. Figure 3 shows the operational benefit of VSLs during lightly congested traffic conditions. The averages of travel time (in seconds) for the base model and for levels of low, medium, high, and very high compliance were found to be 450, 442, 429, 410, and 380, respectively; SD ranged from 2.9 to 14.1. Unlike benefits in Scenario 1, the operational benefits of VSLs were found to constantly increase with an increase in compliance level. The savings in travel time for the low compliance level was only 2% as opposed to 16% for the very high compliance level. This finding suggests that there exists a prominent incentive to enforce VSLs and thus improve traffic operations. Since the operational benefits of VSL under lightly congested conditions are far better than those under heavily congested conditions, the speed limit should be switched on before the traffic gets heavily congested. Table 3 summarizes vehicle conflicts during uncongested traffic conditions (<1,200 vphpl). The counts of simulated vehicle conflicts are fewer since vehicle spacing and average headway are relatively longer. However, the majority of the changes in the count of detected vehicle conflicts were found to be statistically significant. Though the magnitude of reduction in vehicle conflicts was less than in other scenarios, there was a maximum reduction of 49%; this finding amounts to a 12% reduction in expected crashes. Moreover, the percentage reductions in lane-changing conflicts were much less than those for the rear-end conflicts because during uncongested traffic conditions the need for lane-changing maneuvers is very slight. The rate of reduction in vehicle conflicts had its highest point in the high compliance level but declined toward very high compliance levels. This finding shows that the incentive for very high compliance levels for this scenario is relatively of smaller magnitude.
Scenario 2. VSL Under Lightly Congested Traffic
Scenario 3. VSL Under Uncongested Traffic
The operational benefits of VSLs during uncongested traffic conditions are shown in Figure 4 . The average travel time (in seconds) for the base model and for compliance levels of low, medium, high, and very high were found to be 425, 420, 414, 409, and 399, respectively, with an SD in the range 1.0 to 2.6. It can be realized that VSLs have limited operational benefits during uncongested traffic conditions, which amounted to only 1% savings in travel time under the low level of compliance and 6% under the very high compliance level. However, these benefits are found to be larger than the benefits during heavily congested traffic conditions. This finding suggests that the VSL is effective even under uncongested traffic conditions. Note: Replications = 10, degrees of freedom = 18, alpha = 0.05, and t-critical = 1.734.
Analysis of Severity of Simulated Vehicle Conflicts
Safety of motorway traffic is concerned with not only crash frequencies but also the resulting severity of the crashes. Therefore, aside from the count of simulated vehicle conflicts, it is imperative to look at the dynamics of the conflicts as displayed in Table 4 . According to Gettman et al. (28) , lower values of TTC and PET indicate higher probability that the conflict will be a collision; higher values of MaxS, DeltaS, and MaxΔV indicate a higher-momentum impact and increased severity of the resulting crashes; higher values of DR and MaxD indicate heavier deceleration of the vehicles involved in conflicts. In Table 4 , the units for TTC and PET; MaxS, DeltaS, MAXΔV; and DR and MaxD are seconds, meters per second, and meters per second squared, respectively. Given that driver compliance level remains constant, SSAM measures indicate that the severity of the simulated vehicle conflicts was higher for uncongested traffic conditions, followed by lightly congested conditions, and was least in heavily congested traffic conditions. This result is shown by the decrease in the values of TTC and PET; the increase in MaxS, DeltaS, and MaxΔV; and the heavy deceleration rates marked by an increase in values of DR and MaxD. These findings are the result of the increase in speed with a reduction in congestion levels. Given that the levels of congestion remain the same, TTC and PET increased with higher compliance levels, DeltaS and MaxΔV slightly increased, and the values for MaxS and DR fluctuated. Therefore, the changes in conflict severity with an increase in compliance levels were rather inconclusive. This finding could be partly due to the stochastic nature of the simulations in VISSIM.
SUMMARY AND CONCLUSIONS
This research examined safety and operational benefits of VSLs under various traffic conditions and driver compliance levels. The study provided evidence that suggests the following findings:
• The VSL has the potential to promote both safety and operations of motorways under all traffic conditions.
• The magnitude of safety and operational benefits of the VSL are highly dependent on the level of driver compliance. The higher the compliance level the better the benefits are.
• The safety benefits are highest during highly congested traffic conditions.
• The safety benefits of the VSL are not at the expense of an increase in travel time.
• The operational benefit of the VSL is at its highest level during lightly congested traffic conditions; this finding suggests that the system has to be switched on long before the peak hours.
• There exist no direct operational benefits from the VSL during heavily congested traffic conditions, though there may be an indirect gain from the increase in safety.
• With an increase in congestion levels, crash severity decreased. However, with an increase in compliance levels, the change in conflict severity was inconclusive.
The findings of this research agree with those by several researchers although they contradict findings by others. For example, these findings are in complete agreement with the findings stated by Van den Hoogen and Smulders (2), Nissan and Koutsopoulos (5), and Abdel-Aty et al. (18) and refute the concepts stated by Lee et al. (20) could be partly due to the differences in methodology of the studies, such as the VSL algorithm used and choice of simulation platform; for example, the current research used VISSIM whereas the four studies just cited (1, 4, 6, 20) used PARAMICS.
The research concludes that the success of VSLs depends on the level of driver compliance and thus appropriate enforcement mechanisms should be devised to deliver the best of the system, for example, automatic speed enforcement cameras (9, 10, 15) . Data from British motorways equipped with mandatory VSLs show that the average compliance level was greater than 90% and never below 77% (10) .
The limitations of this research are that it focused only on the application of VSLs. Therefore, future work should aim at incorporating other motorway traffic management strategies like ramp metering and shoulder running and identification of policy measures that increase compliance of drivers with VSLs.
